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Pine wood was pyrolyzed in a fixed bed reactor at a heating rate of 10 °C and a final temperature of 
700 °C, and the resultant volatiles were allowed to be secondarily cracked through a tubular reactor in 
a temperature range of 500-700 °C with and without packing a bed of char. The thermal effect and the 
catalytic effect of char on the cracking of tar were investigated. An attempt was made to deconvolute 
the intermingled contributions of the char-catalyzed tar cracking and the char gasification to the yields 
of gaseous and liquid products. It was found that the wood char (charcoal) was catalytically active for the 
tar cracking at 500-600 °C, while at 650-700 °C, the thermal effect became a dominant mode of the tar 
cracking. Above 600 °C, the autogenerated steam gasified the charcoal, resulting in a marked increase in 
the yield of gaseous product and a significant change in the gas composition. An anthracite char (A-char), 
a bituminous coal char (B-char), a lignite char (L-char) and graphite also behaved with catalytic activities 
towards the tar cracking at lower temperature, but only L-char showed reactivity for gasification at 
higher temperature. 

© 2010 Elsevier Ltd. All rights reserved. 


1. Introduction 

Thermochemical conversion of biomass as a renewable resource 
to fuel gas via pyrolysis and gasification has been drawing consid¬ 
erable attention in recent years [1-4], owing to the rapid resource 
depletion and pressing environmental issues arising from huge 
consumption of fossil fuels. A great deal of work has been done 
to develop new technologies of biomass pyrolysis and gasification 
[5-7], It is well known that one of the major problems encountered 
in pyrolysis and gasification processes is the tar formation, which 
reduces the efficiency of gas production and interferes with the 
equipment operation. Various methods have thereby been investi¬ 
gated to eliminate or reduce the tar formation [8,9], 

The cracking of tar downstream from pyrolyzer or gasifier offers 
an effective approach to minimizing the concentration of tar in gas. 
In the case of homogenous cracking of tar (without catalyst), 
however, some refractory tar is hard to eliminate, so that a high 
temperature is required [8,10], Brandt et al. [11] claimed that the 
temperature and residence time were 1250 °C and 0.5 s, respec¬ 
tively, in order that a sufficient extent of tar decomposition was 
guaranteed. Heterogeneous or catalytic cracking of tar is advanta¬ 
geous in efficient conversion and regulating gas composition. 
Hence it has been the subject of numerous studies. Various 
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catalysts, such as dolomites [12], olivines [12-14], alkali and alka¬ 
line earth salts [15-17], Fe or Ni-based catalysts [18-21], compos¬ 
ite catalysts [22,23], have demonstrated their effectiveness. 
However, the many have a drawback of catalytic deactivation 
caused by coke deposition on the surfaces [24-26]; composite cat¬ 
alysts can prevent deactivation, but the cost is relatively high [22], 

Char-induced or -catalyzed cracking of tar is an attractive re¬ 
search topic with three aspects of consideration. First, one way to 
reduce the tar formation can be implemented inside gasifier by 
modifying its configurations and process parameters, and this 
entails the information on the interactions between tar and char. 
Second, an alternative way to remove tar is by thermal cracking 
of tar in a separated reactor using char as a catalyst, which has 
advantages over common mineral catalysts: (1) char is produced 
in the pyrolysis and gasification system; (2) char surface can be 
refreshed via char gasification to avoid deactivation; (3) char can 
be loaded with dispersed metallic catalysts, and this would greatly 
enhance the catalytic capability; and (4) it is feasible to regulate or 
upgrade gas composition via char gasification. Third, biomass 
usually contains high moisture, and the dewatering process loses 
large energy [27], The char-catalyzed tar cracking may save this 
energy expenditure by exploiting the autogenerated steam directly 
for char gasification. 

In the past decades, there have been a few interesting studies 
pertaining to the char-catalyzed cracking of tar [28-33], Boroson 
et al. [28] found that heterogeneous or char-induced conversion 
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of fresh wood pyrolysis tars (subtraction from thermal conversion) 
was significant but essentially constant at 14 ± 7 wt.% of tar in a 
temperature range of 400-600 °C and space times from 2.5 to 
100 ms. Abu El-Rub et al. [31] compared biomass char to some 
common inorganic catalysts for the cracking of phenol and naph¬ 
thalene in a temperature range of 700-900 °C, and they observed 
that biomass char was almost as catalytically active as nickel and 
dolomite. Gilbert et al. [33] investigated the conversion of pyrolysis 
vapors through a char bed with varying parameters including bed 
lengths (0-450 mm), temperatures (500-800 °C), particle sizes (10 
and 15 mm) and nitrogen purge rates (1.84-14.70 mm/s). To the 
contrary, they observed that the char-catalytic effect was marginal, 
and the thermal effect was the main mode of tar decomposition. 

In this study, we investigate the behaviors of char-catalyzed 
cracking of biomass tar using a two-stage fixed bed reactor, based 
on our previous study on the behaviors of biomass pyrolysis in the 
first fixed bed reactor [34], The nascent volatiles from the first 


Table 1 

The proximate and ultimate analyses of the char samples as 
compositions. 


Proximate analysis (%, dry basis) 


Ultimate analysis {%, daf. basis) 


O (by diff.) 

Ash composition (%) 



28.1 

17.3 
8.0 

25.3 
3.9 


14.2 

1.9 


pyrolysis reactor include non-condensable gases and condensable 
liquid products (including water and tar), and the tar consisted 
of a number of oxygenated compounds characteristic of the degra¬ 
dation products of holocellulose and lignin constituents in wood. 
As a consequence, not only the cracking of tar but also the reaction 
between char and steam is provoked when the volatiles flow over a 
char bed in the second reactor depending on the cracking condi¬ 
tions. This study has tried to clarify their individual contributions 
to the yields of gaseous and liquid products. 


2. Experimental 

2.1. Biomass sample and char preparation 

The biomass sample used in this study was the wood sawdust of 
Chinese white pine, which was supplied by a local wood processing 
factory. The sample was screened to the particle sizes of less than 
1 mm, and dried at 105 °C for 6 h prior to experiment, and then 
stored in a sealed desiccator. The dried wood sample contained 
0.35% ash. Elemental analysis showed that the ash-free sample 
contained 47.6% C, 6.1% H, 0.1% N, <0.05% S and 46.2% O (by 
difference). 

The charcoal was prepared by pyrolyzing the wood sample at 
750 °C for 30 min in a heater under an air-isolated condition. Three 
other chars, called A-char, B-char, and L-char, were prepared in the 
same manner, using an anthracite sample, a bituminous coal sam¬ 
ple and a lignite sample, respectively. All the char samples were 
ground to the particle sizes of 0.075-0.15 mm. The proximate 
and ultimate analyses of the char samples, together with the ash 
compositions, are tabulated in Table 1. The char samples were 
stored in the sealed desiccator, and the storage duration was not 
beyond one week in all the experiments. For comparison, a com¬ 
mercial reagent of powdery graphite (particle size, <0.030 mm) 
was used in the experiment. 

2.2. Pyrolysis apparatus and procedures 

Fig. 1 is the diagram of the experimental apparatus. Two tubular 
reactors, both of which were made of stainless steel with a length 



Fig. 1. The apparatus of two-stage fixed bed reactors. (1) Argon bomb; (2) air bomb; (3) pressure control valve; (4) flow rate meter; (5) adsorbent column; (6) ceramic pellets; 
(7) electric furnace; (8) tubular reactors; (9) thermocouple; (10) biomass sample; (11) tape heaters; (12), char bed; (13) electric furnace; (14) ice-water trap; (15-17) 
temperature controlling instruments. 
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of 620 mm and an inside diameter of 23 mm, were vertically set in 
series. The reactors were heated independently by two electric 
furnaces. 

The first reactor in the lower part was used for slow pyrolysis of 
biomass. Ceramic pellets were packed in this reactor to support the 
biomass sample. In each run, a 2.2 g wood sample was wrapped in 
a stainless steel wire mesh, and then placed on the support layer 
within a uniform temperature zone. A K-type thermocouple was 
made to contact with the sample wrap for measuring the pyrolysis 
temperature. The second reactor in the upper part was used for 
cracking of tar. A 1.3 g char sample was held in a wire mesh wrap, 
and then tightly inserted in the center of this reactor. The height of 
the char bed was about 30 mm. Another K-type thermocouple was 
made to contact with the sample wrap for measuring the cracking 
temperature. 

The argon gas from the pressurized cylinder was de-moistur- 
ized through a silica gel/molecular sieve adsorbent column, and 
then purged upward from the first reactor to the second reactor, 
with the flow rate of 150 mL/min. Prior to the beginning of biomass 
pyrolysis in the first reactor, the char sample in the second reactor 
was pre-heated to the predetermined temperature, and it was kept 
at the final temperature for a period of time (about 20 min) until 
no gases were released from the char sample. Then, the first reactor 
was heated up at a rate of 10°C/min till a final temperature of 
700 °C. During the heat-up, the volatiles produced in the first reac¬ 
tor were conveyed through the hot char in the second reactor and 
subjected to the isothermal cracking. To suppress the undesired 
condensation of tar vapors in the connectors, the off-gas lines 
and the joints between two reactors were maintained at 260 °C 
with tape heaters. Experiments of tar cracking were also carried 
out without packing char in the second reactor by way of contrast. 
The residence time of purging gas through the void spaces of the 
char bed was approximately 2.2 s, and the corresponding residence 
time without packing char was 5.0 s. 

The liquid product including aqueous and oily phases was con¬ 
densed in two U-type glass traps immersed in the ice-water baths. 
The glass traps were carefully weighed before and after each 
experiment to determine the total liquid yield (including water 
and tar). To fractionate the liquid product, evaporation experi¬ 
ments were conducted by heating two product-attached traps at 
105 °C under atmospheric pressure for 6 h until constant weights 
of the traps were reached. The tarry fraction retained in the traps 
after evaporation is named the non-evaporated tar (NEV-Tar), 
which mainly includes heavy tar; the liquid fraction evaporated 
from the traps is named the evaporated liquid product (EV-Liquid), 
which includes water and some light organic compounds. When 
the liquid sample was used for gas chromatography (GC) and gas 
chromatography mass spectrometry (GC-MS) analyses, the traps 
together with the connected tubes were dismantled, and the liquid 
product in them was dissolved with acetone under ultrasonic 
stirring. 

The gases were collected in the sequence of gas bags behind the 
vapor condensation at an interval of five minutes. Four major gases 
including H 2 , CO, CH 4 and C0 2 were quantitatively determined. The 
char samples in the first reactor and in the second reactor were col¬ 
lected separately after the reactors were cooled down, and then 
gravimetrically determined. The yield of char refers to the yield 
of the solid product remaining in the first reactor after biomass 
pyrolysis. Care was taken to clean up the reactors after finishing 
each pyrolysis experiment. 

2.3. Analysis methods 

The major gases including H 2 , CO, CH 4 and C0 2 were deter¬ 
mined on a gas chromatograph (Aglient 6820) equipped with a 
thermal conductivity detector (TCD) and a packed column (S.S. 


3 m x 1/8" OD Unibeads C 80/100) using argon as a carrier gas. 
The compounds of liquid products were characterized using GC/MS 
(PerkinElmer clams 500), equipped with a HP-5 capillary column. 
Seven typical liquid compounds were quantitatively determined 
on a gas chromatograph (Agilen-6820), equipped with a flame 
ionization detector (FID) and HP-5 capillary column, by an external 
calibration method. The seven compounds included hydroxyl 
propanone, furan methanol, phenol, methyl-phenol, guaiacol, 2, 
4-dimethyl-phenol, and D-allose. 

Elemental analysis (C, H and N) was carried out on an elemental 
analyzer (Elementar Vario EL III). Sulfur analysis was accomplished 
on a Coulomb sulfur analyzer (CLS-2). The metallic composition of 
ash was determined by X-ray fluorescence spectrometry 
(Shimadzu, XRF-1800). 


3. Results and discussion 

3.1. Effects of charcoal 

3.1.1. Overall distribution of products 

To differentiate between the thermal effect and the char- 
catalytic effect on the secondary cracking of tar, experiments were 
conducted with and without packing charcoal in the second reac¬ 
tor. For briefness, the temperature used for biomass pyrolysis in 
the first reactor is called the pyrolysis temperature, and the crack¬ 
ing temperature refers to that used for tar cracking in the second 
reactor. Fig. 2 shows the effect of different cracking temperatures 
on the yields of gaseous, liquid and char products produced over 
the total pyrolysis process with and without charcoal. The yield 
of gas product is the summed amounts of four major gases (H 2 , 
CO, CH 4 and C0 2 ). The yields of gaseous product, total liquid prod¬ 
uct and char are the averages obtained by the duplicate or tripli¬ 
cate experiments, and their respective variations are displayed 
on the bars. The liquid product is divided into the NEV-Tar and 
EV-Liquid, and their yields are also displayed. 

In the absence of char, the yield of liquid product was as high as 
59% (including 25% of EV-Liquid and 34% of NEV-Tar) at the 



300 500 550 600 650 700 i 500 550 600 650 700 
Without char i With charcoal 


Cracking temperature (°C) 

I I Char NEV-Tar EV-Liquid I 7.1 fes 

Fig. 2. Yields of gaseous, liquid and char products obtained at different cracking 
temperatures with and without wood char (charcoal). Final pyrolysis temperature, 
700 °C. The liquid product was fractionated to the non-evaporated tar (NEV-Tar) 
and the evaporated liquid (EV-Liquid). 
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cracking temperature of 300 °C, with the yield of gaseous product 
of 15%. In this circumstance, the cracking reactions of the nascent 
liquid products derived from the wood pyrolysis in the first reactor 
were negligible. At the cracldng temperatures of 500-550 °C, the 
yields of liquid product were only slightly lower than the yield ob¬ 
tained at 300 °C, and the yields of gaseous products were also close 
to the yield obtained at 300 °C; nevertheless, the yields of NEV-Tar 
were appreciably lower than the yield obtained at 300 °C. With ele¬ 
vating cracking temperature up to 600-700 °C, the thermal treat¬ 
ment resulted in a marked reduction in the yield of liquid 
product and a marked increase in the yields of gaseous product. 
As an example, the yield of liquid product dropped from 59% at 
300 °C to 35% at 700 °C, corresponding to an increase in the yield 
of gaseous product from 15% to 43%. Moreover, only 5% of liquid 
product obtained at 650-700 °C remained non-evaporated in the 


fractionation experiment. It was revealed that in the case of no cat¬ 
alyst, a part of heavy tar was thermally converted mainly to light 
liquid compounds (including water) rather than permanent gases 
at lower temperatures (500-550 °C); the substantial cracking of 
tar to gases occurred at higher temperatures (above 600 °C). 

In the presence of the charcoal, the yields of liquid product at 
the cracking temperatures of 500, 550, 600, 650 and 700 °C were, 
respectively, 13%, 13%, 10%, 8% and 11% lower than the correspond¬ 
ing data in the absence of char, in conjunction with increases in the 
yield of gaseous product. At 500-600 °C, the yields of NEV-Tar de¬ 
creased from 18-20% without charcoal to 6-11 % with charcoal, and 
the yields of EV-Liquid simultaneously decreased to different de¬ 
grees. The results clearly indicated that at 500-600 °C, the charcoal 
intensely facilitated the decomposition of both heavy tar and light 
tar to gases. At 650-700 °C, the differences in the yields of NEV-Tar 
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3.1.2. Gaseous products 

Fig. 3 shows the cumulative yields of four major gases (H 2 , CO, 
CH 4 and C0 2 ) with elevating pyrolysis temperature and varying 
cracking temperatures in two circumstances (with and without 
charcoal), where the scales of vertical axis for H 2 and C0 2 are under 
three times magnification in the case of no catalysis, relative to 
those in the case of using charcoal. The results obtained at the 
cracking temperature of 300 °C were representative of no second¬ 
ary reactions. In this case, CO and C0 2 were released noticeably in 
the pyrolysis temperature range of 200-450 °C. It was previously 
observed that most liquid products were also formed in this tem¬ 
perature range [34], The cracking temperature exerted profound 
influences on the release patterns of gases whether charcoal was 
present or not. In either case, changes predominantly occurred in 
a pyrolysis temperature range of 200-450 °C, because most vola¬ 
tiles were formed in this temperature range. 

In the absence of char, the cumulative yields of H 2 , CO, CH 4 and 
C0 2 over the total pyrolysis process (from room temperature to 
700 °C) were increased by a factor of 2.4, 3.2, 3.0, and 1.2, respec¬ 
tively, with the cracking temperature rising from 300 °C to 700 °C. 
It was indicated that the yield of C0 2 was less varied by thermal 
effect. This was probably because C0 2 was dissociated from fragile 
oxygenated groups like carboxyl group, and such decarboxylation 
e kinetically less resistant than the reactions of dehy- 
decarbonylation and demethanation. It should be 
he case of no catalyst, the enhancements in 
n of CO and CH 4 were slight at the cracking tempera¬ 
tures below 600 °C, and only at the temperatures exceeding 600 °C 
did the enhancements become striking. The analogous turning 
point for the formation of H 2 was 650 °C. This result was consistent 
with the observation that the thermal cracking of liquid products 
to gases significantly occurred at temperatures above 600 °C, as 
shown in Fig. 2. 

The release patterns of four gases with the charcoal showed 
some salient alterations as compared to those without char. First, 
the presence of charcoal accelerated the formation of all four major 
gases at lower cracking temperatures (500-600 °C). As an example, 
at the cracking temperature of 550 °C, the cumulative yields of H 2 , 
CO, CH 4 and C0 2 over the total pyrolysis process in the presence of 
charcoal were 2.1, 1.3, 1.4 and 1.5 times higher than those in the 
absence of charcoal, respectively. Second, at higher cracking tem¬ 
peratures, four gases behaved differently in their yield changes 
influenced by charcoal. At a cracking temperature of 700 °C, the 
cumulative yields of H 2 and C0 2 obtained with charcoal were 3.9 
and 2.9 times as high as those without charcoal, whereas the 
cumulative yields of CO and CH 4 obtained with charcoal were only 
1.2 and 1.1 times as high as those obtained without charcoal. This 
difference between the gases was attributable to twofold effects. 
One was the effect of char on the tar cracking, which was weak¬ 
ened relative to the increased thermal effect at higher cracking 
temperature. The yields of CO and CH 4 obtained with and without 



ire thus approached at higher cracking temperature, 
s the autogenerated steam gasification of charcoal, 
me intense with increasing cracldng temperature, 
the enhancements in the yields of H 2 and C0 2 . Third, 
of char dominated in the pyrolysis temperature 
’C, it was discernable that in the pyrolysis tem- 
than 450 °C, subtly more CH 4 was formed in 
charcoal. This implied that the charcoal facilitated 
of guaiacols, because the main liquid products 
the pyrolysis of wood at temperature above 
acols, a lignin degradation product [34], 


3.1.3. Liquid products 

To further illustrate the effect of the charcoal on the decompo¬ 
sition of tar, GC-MS was used for characterizing organic com¬ 
pounds in the liquid products. Seven compounds were 
quantitatively determined, as described in the Experimental sec¬ 
tion. Other compounds were semi-quantitatively estimated 
according to the ratios of their peak areas to the peak area of one 
of the compounds quantified. In the interest of clarity, the main li¬ 
quid compounds are grouped as carboxylic acids (acetic acid, etc.), 
cyclopentenones (methyl-cyclopentenone, hydroxyl-cyclopente- 
none, etc.), ketones (hydroxylpropanone, cyclohetanone, etc.), 
aldehydes (acetamido acetaldehyde, methyl-furan aldehyde, etc.), 
furans (dimethyl furan, furfural, furan methanol, benzofuran, 
etc.), alcohols (cyclopropyl carbinol, phenyl-methoxyethanol, 
etc.), saccharides (dianhydro-D-glucopyranose, anhydro-D-man- 
nose, anhydro-D-galactose, anhydro-D-altroside, anhyc 
pyranose, D-allose, etc.), guaiacols (guaiacol, meth^ 
ethyl-guaiacol, vinyl-guaiacol, prophenyl-guaiacol, etc.), esters 
(ethanediol monoacetate, oxo-propanoic acid methylester, etc.), 
phenols (phenol, methyl-phenol, ethyl-phenol, etc.), and polyaro¬ 
matic hydrocarbons (naphthalene, anthracene, fluorene, etc.). The 
yields of the grouped compounds produced from five typical crack¬ 
ing experiments are shown in Fig. 4. The primary liquid products 
obtained at the cracking temperature of 300 °C were abundant 
with a variety of o 
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hydrocarbons (PAHs) were present in it. The enrichment of saccha¬ 
rides in the primary liquid product suggested a mild degradation of 
hemicellulose and cellulose by the wood pyrolysis in the first reac¬ 
tor [34], 

In the absence of charcoal, the thermal cracking at 500 °C led to 
some noticeable changes in the yields of liquid compounds as 
compared to the primary liquid product: (1) ketones, aldehydes, 
alcohols, saccharides completely disappeared; (2) carboxylic acids, 
furans, guaiacols and esters substantially decreased; (3) cyclopen- 
tenones slightly decreased; and (4) some PAHs were newly formed. 
As the cracking temperature was elevated to 600 °C (without char¬ 
coal), carboxylic acids and guaiacols completely disappeared; 
cyclopentenones substantially decreased; phenols trended to in¬ 
crease. Comparison of the yields of liquid compounds obtained 
with and without charcoal revealed that the charcoal promoted 
the decomposition of liquid compounds at the cracking tempera¬ 
tures of both 500 °C and 600 °C, but at 500 °C, the effect was rela¬ 
tively great. It could be seen that the presence of charcoal led to a 
remarkable decrease in the yields of carboxylic acids, cyclopente¬ 
nones, furans, guaiacols and esters at 500 °C. We also analyzed 
the compounds in the liquid product obtained at the cracking tem¬ 
perature of 700 °C with charcoal (not shown). It was observed that 
the yield of phenols was lower than the corresponding result ob¬ 
tained at 600 °C, and some larger molecular PAHs such as fluorene 
and anthracene were detected at 700 °C while they are not discern- 
able at 600 °C. Incidentally, the summed yields of the organic 
compounds determined by GC-MS was approximately 8%-dry 
biomass for the primary liquid product, much smaller than the 
yield of NEV-Tar (34%), indicating that GC-MS was limited to 
determination of a part of liquid compounds. 


3.2. Effects of various carbon samples 

In addition to charcoal, graphite and three coal chars (A-char, 
B-char and L-char) were used to examine their effects on the 
secondary reactions of the volatiles. An equal amount of carbon 
sample was filled in the cracking reactor, and the heights of the 



carbon sample beds were close in all experiments. Fig. 5 shows 
the yields of gas, liquid and char produced with the four carbon 
samples at cracking temperatures of 550 °C and 700 °C. The data 
for the charcoal are listed together for contrast. It was seen that 
all four carbon samples lowered the yields of liquid product at 
550 °C, and L-char had relatively strong effect. The yields of NEV- 
Tar were 16%, 19%, 14% and 13%, respectively, for graphite, A-char, 
B-char and L-char, all lower than the corresponding yield obtained 
without carbon sample (20%). At 700 °C, the yield of liquid 
produced with L-char was appreciably lower than that obtained 
without carbon sample, in contrast to the results for graphite, 
A-char and B-char; the yields of NEV-Tar were near to zero 
irrespective of carbon samples. We examined the cumulative 
yields of four major gases produced with four carbon samples. At 
the cracking temperature of 700 °C, the yields of H 2 and C0 2 
obtained with L-char were appreciably higher than those obtained 
with graphite, A-char and B-char; this result was similar to that 
obtained with charcoal. 

3.3. Deconvolution of catalytic tar cracking and char gasification 

Char has two intermingled effects: the char-catalyzed tar crack¬ 
ing and the char gasification. Therefore, it is strongly desired to 
quantify their individual contributions to the yields of gaseous 
and liquid products. One method for quantifying the char 
gasification is by examining the changes of the char sample used 
for tar cracking. In our tests, however, the weight variations of 
the char samples obtained before and after experiment were not 
meaningful to measure the extent of char gasification. An alterna¬ 
tive method is proposed to quantify the char gasification as 
follows. 

As illustrated in Fig. 6, the molar ratio of H 2 /(2C0 2 + CO) in the 
gas produced in the case of only thermal cracking was virtually 
constant with the cracking temperature, whereas in the case of 
char-catalyzed cracking, the molar ratio of H 2 /(2C0 2 + CO) was 
considerably varied depending on the cracking temperature. The 
gas produced only by the thermal cracking at 700 °C had a H 2 / 
(2C0 2 + CO) molar ratio of 0.24. The gasification of the charcoal 
with the autogenerated steam was experimentally observed to 
yield a gas with H 2 /(2C0 2 + CO) molar ratio of 1.37, larger than a 
theoretical value deduced from the reactions of pure carbon with 
steam, as the charcoal contained some hydrogen. Taking the over¬ 
all contribution of the tar cracking and the char gasification to the 
yield of gas as 1, according to the H 2 /(2C0 2 + CO) molar ratio (R) of 



300 400 500 600 700 

Cracking temperature (°C) 


Fig. 6. Changes in the molar ratio of H2/(2C02 + CO) with cracking temperature in 
two cases with charcoal (•) and without charcoal (Of, Final pyrolysis temperature, 
700 °C. 
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the gas produced with the charcoal at a cracking temperature, we 
can then determine the contribution of the char gasification ( X g ) in 
terms of the equation: 

1.37 X g +0.24(1 - X g ) = R 

The observed values of R at the cracking temperatures of 500, 
550, 600, 650 and 700 °C in the case of using charcoal were 0.23, 
0.31,0.39,0.48 and 0.54, respectively, as shown in Fig. 6. Therefore 
the values of X g calculated using the above equation were 0, 0.06, 
0.13, 0.21 and 0.27, respectively. It was clear that the char gasifica¬ 
tion contributed to the gas yield to a greater extent at higher crack¬ 
ing temperature. 

On the other hand, the char gasification converted a fraction of 
the autogenerated steam to non-condensable gases. Thus, there 
were two effects of charcoal, the promoted tar cracking and the 
consumption of water for the char gasification, which led to a 
reduction in the yield of liquid product. From the value of X g and 
the yields of C0 2 and CO, we can then estimate a reduction in 
the liquid yield attributed to the amount of water consumed for 
the char gasification. Fig. 7 shows the separated contributions of 
the catalyzed tar cracking and the char gasification to the differ¬ 
ences between the yields of liquid product obtained without and 
with charcoal at varying cracking temperatures. It could be seen 
that the reductions in the yields of liquid product were predomi¬ 
nantly or mainly due to the catalyzed tar cracking at 500-600 °C, 
whereas those obtained at 650 and 700 °C essentially equaled to 
the amounts of water consumpted for the char gasification. It be¬ 
came quite clear that at lower temperatures (500-600 °C), the cat¬ 
alytic effect of charcoal on tar cracking was a main cause for the 
increased yield of gas at the expense of the reduced yield of liquid 
product; at higher temperature, as the catalytic tar cracking effect 
was masked by the thermal effect, the char gasification was 
principally responsible for an increase in the yield of gas accompa¬ 
nied by exploiting a part of the autogenerated steam for the char 
gasification. If four major gases are considered to calculate the 
composition of the gas accumulated over the total pyrolysis 
process, the gas produced by thermal cracking at 700 °C without 
char was composed of 19% H 2 , 51% CO, 16% CH 4 and 14% C0 2 ; in 
contrast, the corresponding gas obtained with the charcoal con¬ 
tained 39% H 2 , 31% CO, 9% CH 4 and 22% C0 2 (all vol.%). It was indi¬ 
cated that the gasification of char with the autogenerated steam 
could significantly alter the gas composition. 

As stated above, we observed that the catalytic effect of 
charcoal on the tar cracking was noticeable at 500-600 °C, but it 



Cracking temperature (°C) 

Fig. 7. Separated contributions of the catalytic tar cracking and the char gasification 
to the differences between the yields of liquid product obtained without charcoal 
and with charcoal at varying cracking temperatures. Final pyrolysis temperature, 
700 °C. 


became obscure at higher temperatures (650-700 °C) on account 
of the intensified thermal effect. Flerein we wish to compare our 
observation with the literature. Boroson et al. [28] positively ob¬ 
served the promoted cracking of biomass tar at 400-600 °C, but 
no data were available at higher temperature. Abu El-Rub et al. 
[31] confirmed the catalytic effect of char on decomposition of 
phenol and naphthalene at 700-900 °C. However, Gilbert et al. 
[33] reported the insignificant influence of char in a temperature 
range of 500-800 °C. By comparison of our result with Refs. [28,31 ], 
we assume that the catalytic effect of char may depend largely on 
the components of the primary tar. For thermally less stable oxy¬ 
genated tar such as saccharides, furans and guaiacols, char is cata- 
lytically active at lower temperature, while for thermally more 
stable tar such as phenols and naphthalenes, only at higher tem¬ 
perature does char behave actively. In comparison of our result 
with Ref. [33], there remains an unknown discrepancy. Gilbert 
et al. [33] thought that the char was probably inactivated under 
an inert gas stream, leading to a suppressed catalytic effect of char¬ 
coal in their experiment. However, we also used argon as an inert 
purging gas. 

In a similar manner, we calculated the individual contributions 
of the char-catalyzed cracking of tar and the char gasification to the 
yields of gaseous and liquid products in the case of using other car¬ 
bon samples. It was observed that the gasification was insignificant 
for graphite, A-char and B-char, but significant for L-char at the 
cracking temperature of 700 °C. This result was in agreement with 
a general order of the gasification reactivity: lignite > bituminous 
coal > anthracite > graphite. In addition, calculation showed that 
at the cracking temperature of 700 °C, the reductions in the yields 
of liquid product caused by L-char were completely attributable to 
the gasification of L-char with the autogenerated steam, similar to 
the case of the charcoal. 


4. Conclusions 

(1) The thermal cracldng of tar at lower temperatures 
(500-600 °C) resulted in the conversion of part of heavy 
tar mainly to light liquid compounds (including water), 
and the thermal cracking of tar became intense at higher 
temperatures (650-700 °C) with marked formation of gases. 
The charcoal catalytically promoted the cracking of tar to 
gases at lower temperatures (500-600 °C); at higher 
temperatures (650-700 °C), the catalytic effect was nullified 
by the intensified thermal effect. 

(2) GC-MS analysis showed that the primary liquid product 
consisted of a number of oxygenated compounds, which 
were representative of a mild thermal degradation of 
wood constituents. The charcoal promoted the decomposi¬ 
tion of most oxygenated compounds present in the primary 
liquid product at the cracking temperatures of 500 and 
600 °C. 

(3) The autogenerated steam gasified the charcoal at higher 
cracking temperatures (650-700 °C), resulting in an increase 
in the yield of gaseous product and a change in gas compo¬ 
sition. This reaction was responsible for the reduction in the 
yield of liquid product caused by using charcoal at higher 
cracking temperature. 

(4) Apart from the charcoal, all other carbon samples including 
graphite, A-char, B-char, and L-char showed the catalytic 
effect, to different degrees, on the tar cracldng at lower 
cracking temperature, and comparatively L-char had a high 
activity. L-char also behaved with high reactivity for the gas¬ 
ification with the autogenerated steam at higher cracking 
temperature, like the charcoal but unlike graphite, A-char 
and B-char. 
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